The process of domestication leads to major morphological and genetic changes, which in 2 combination are known as domestication syndrome that differentiates crops from their wild an-3 cestors. We characterized the genomic and phenotypic diversity of the South American grain 4 amaranth Amaranthus caudatus, which has been cultivated for thousands of years and is one 5 of the three native grain amaranths of South and Central America. Previously, several models 6 of domestication were proposed including a domestication from the close relatives and putative 7 ancestors A. hybridus or A. quitensis. To investigate the evolutionary relationship of A. caudatus 8 and its two close relatives, we genotyped 119 amaranth accessions of the three species from 9 the Andean region using genotyping-by-sequencing (GBS) and compared phenotypic variation 10 in two domestication-related traits, seed size and seed color. The analysis of 9,485 SNPs re-11 vealed a strong genetic differentiation of cultivated A. caudatus from the relatives A. hybridus 12 and A. quitensis. The two relatives did not cluster according to the species assigment but 13 formed mixed groups according to their geographic origin in Ecuador and Peru, respectively. 14 A. caudatus had a higher genetic diversity than its close relatives and shared a high proportion 15 of polymorphisms with their wild relatives consistent with the absence of a strong bottleneck 16 or a high level of recent gene flow. Genome sizes and seed sizes were not significantly differ-17 ent between A. caudatus and its relatives, although a genetically distinct group of A. caudatus 18 from Bolivia had significantly larger seeds. We conclude that despite a long history of human 19 cultivation and selection for white grain color, A. caudatus shows a weak genomic and pheno-20 typic domestication syndrome and is an incompletely domesticated species because of weak 21 selection or high levels of gene flow from its sympatric close undomesticated relatives that 22 counteracted the fixation of key domestication traits. 23 42 genomic consequences of amaranth cultivation in the light of these concepts. 43 The genus Amarantus L. comprises between 50 and 75 species and is distributed worldwide 44
Introduction
Research on the domestication of crop plants revealed that numerous traits can be affected by 25 domestication, which results in so-called domestication syndromes. The type and extent of do-26 mestication syndromes depends on the life history and uses of crop plants (Meyer et al, 2012) , 27 although crops from distantly related plant families frequently show similar domestication phe-28 notypes. For example, the 'classical' domestication syndrome, which includes larger seeds, 29 loss of seed shattering, reduced branching, loss of seed dormancy and decreased photoperiod 30 sensitivity, is observed in legumes and grasses (Abbo et al, 2014; Hake & Ross-Ibarra, 2015) . 31 Similar to phenotypic diversity, crops show variable genomic signatures of domestication be-32 cause of differences in their biology and utilization by humans (Meyer et al, 2012) . In particular, 33 domestication affects the level and structure of genetic diversity in crops because selection and 34 genetic drift contributed to strong genetic bottlenecks ( (Sauer, 1967) . (B) Initial domestication from A. hybridus and subsequent migration and hybridization with additional close relatives (Sauer, 1967 ). (C) Single domestication in the Andes or in Mesoamerica and subsequent spatial separation of two lineages leading to A. caudatus and A. hypochondriacus (Kietlinski et al, 2014) . (D) Two domestication events from a single A. hybridus lineage spanning Central and South America (Kietlinski et al, 2014) . classical domestication syndrome (Sang & Li, 2013; Lenser & Theißen, 2013) . This raises the 83 question whether amaranth is domesticated at all or has a different domestication syndrome, 84 and if the latter is true whether genetic constraints, a lack of genetic variation or (agri-)cultural 85 Page 5
Incomplete Amaranth domestication reasons determined its domestication syndrome. The phenotypic analysis of amaranth do-86 mestication is complicated by the taxonomic uncertainty of cultivated amaranth species and 87 their close relatives. Although A. quitensis was suggested to be the ancestor of A. caudatus, 88 the state of A. quitensis as a separate species is under debate. Sauer (1967) classified it as 89 species, but later it was argued that it is the same species as A. hybridus (Coons, 1978; Bren-90 ner et al, 2010). However, until today A. quitensis is treated as separate species and since 91 genetic evidence for the status of A. quitensis as a separate species is based on few studies 92 with limited numbers of markers, this topic is still unresolved ( (Morris et al, 2013) . 102 We used GBS and genome size measurements to characterize the genetic diversity and rela-103 tionship of cultivated A. caudatus and its possible ancestors A. quitensis and A. hybridus, and 104 compared patterns of genetic structure with two domestication-related phenotypic traits (seed 105 color and hundred seed weight). For this study, we focussed on the South American amaranth 106 species, because A. caudatus, A. quitensis and South American accessions of A. hybridus form 107 a clade that is strongly separated from the two Central American grain amaranths in a phylo-108 genetic analysis of the whole genus . For this reason, we reasoned size that has been measured with high accuracy (DNA content = 1.96 pg; Dolezel et al, 1992) . 143 Fresh leaves were cut up with a razor blade and cells were extracted with CyStain PI Abso-144 lute P (Partec, Muenster/Germany). Approximately 0.5 cm 2 of the sample leaf was extracted 145 together with similar area of tomato leaf in 0.5 ml of extraction buffer. 179 Raw sequence data were filtered with the following steps. First, reads were divided into sepa-180 rate files according to the different barcodes using Python scripts. Read quality was assessed 181 with fastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Due to lower 182 read quality towards the end of the reads, they were trimmed to 90 bp. Low quality reads were 183 excluded if they contained at least one N (undefined base) or if the quality score after trimming 184 was below 20 in more than 10% of the bases. Data from technical replicates were combined 185 and individuals with less than 10,000 reads were excluded from further analysis (Table S5) . 186 The 12 replicated samples were used to detect a lane effect with an analysis of variance. 188 Since no high quality reference genome for Amaranthus sp. was available for read mapping, 189 we used Stacks 1.19, for the de novo identification of SNPs in GBS data (Catchen et al, bers of predefined populations ranging from K = 1 to K = 9 to find the value of K that was most 221 consistent with the data using a cross-validation procedure described in the ADMIXTURE man-222 ual. To avoid convergence effects we ran ADMIXTURE 10 times with different random seeds 
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To investigate genome-wide patterns of genetic diversity in A. caudatus and its two closest 257 relatives, we genotyped a diverse panel of 119 amaranth accessions from the three species 258 that were initially collected in the Andean region and then obtained from the USDA genebank. 259 The sequencing data generated with a two-enzyme GBS protocol consisted of 210 Mio. raw (Table S1 ). Since a high-quality reference genome of an amaranth species 264 was not available, we aligned reads de novo within the dataset to unique tags using Stacks Figure S4A ). In a second DAPC analysis that was based on information on species 311 and country of origin ( Figure S4B The phylogenetic network outlines the relationships between the different clusters ( Figure 4) . 316 It shows two distinct groups of mainly Peruvian A. caudatus accessions and a group of acces-317 sions with a wide geographic distribution (Figure 3 ; green color). The latter is more closely diversity (π = 0.00111; Table S3 ). Figure 6 shows that even though the overall diversity of A.
356
caudatus was higher, a substantial proportion of sites were more diverse in the close relatives 357 (π caud − π hyb/quit < 0; Figure 6 ). hybridus and A. quitensis. π is the nucleotide diversity over all sites, CI π is the 95% confidence interval of π, H exp the mean expected heterozygosity for the variant sites and SD He its standard deviation, H obs the mean observed herterozygosity and SD Ho its standard deviation. F is the inbreeding coeficient and SD F its standard deviation. Seed color and seed size as potential domestication traits. 359 In grain crops, grain size and seed color are important traits for selection and likely played caudatus from Bolivia, group 2 (green) and 3 (yellow) A. caudatus from Peru, group 4 (purple) represents the close relatives A. quitensis and A. hybridus from Ecuador and group 5 (blue) from Peru, respectively. Seed colors were white (WH), pink (PK) and dark brown (BR). While there were no significant differences in seed size between the species, group 1 had significantly higher hundred seed weight (p ≤ 0.05) than the other groups.
Discussion
Genotyping-by-sequencing of amaranth species 386 The genotyping of cultivated amaranth A. caudatus and two close relatives A. quitensis and of the smaller A. caudatus did not differ from the full sample and estimates were in all cases 408 higher than in the close relatives ( Figure S6 ). We conclude that the different sample sizes of 409 the two groups do not introduce a bias on diversity estimates. Evidence for a weak domestication syndrome 477 Despite their long history of cultivation, diverse uses for food and feed and a high importance 478 for the agriculture of ancient cultures (i.e., A. hypochondriacus during the Aztec period), grain 479 amaranths do not display the classical domestication syndrome as strongly as other crops 480 (Sauer, 1967) . Cultivated amaranth shows morphological differentiation from putative wild an-481 cestors like larger and more compact inflorescences (Sauer, 1967 ) and a level of genetic dif-482 ferentiation ( Table 2) (Figure 7) , which have larger seeds. 492 The larger seeds in this group and of white seeds in general ( remains unknown, but the absence a strong domestication syndrome may reflect genetic con-512 straints despite a long period of cultivation. A third explanation is ongoing gene flow between 513 cultivated amaranth and its relatives that may prevent or delay the formation of a distinct do-514 mestication syndrome and contributes to the high genetic diversity (Table 3) America ( Figure 1D ). Gene flow between A. caudatus and its close relative A. quitensis in the 
